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Deflection of Uncooperative Targets Using Laser Ablation
Nicolas Thirya and Massimiliano Vasilea
aUniversity of Strathclyde, 75 Montrose Street G1 1XJ, Glasgow, United Kingdom;
ABSTRACT
Owing to their ability to move a target in space without requiring propellant, laser-based deflection methods
have gained attention among the research community in the recent years. With laser ablation, the vaporized
material is used to push the target itself allowing for a significant reduction in the mass requirement for a space
mission. Specifically, this paper addresses two important issues which are thought to limit seriously the potential
efficiency of a laser-deflection method: the impact of the tumbling motion of the target as well as the impact of
the finite thickness of the material ablated in the case of a space debris. In this paper, we developed a steady-
state analytical model based on energetic considerations in order to predict the efficiency range theoretically
allowed by a laser deflection system in absence of the two aforementioned issues. A numerical model was then
implemented to solve the transient heat equation in presence of vaporization and melting and account for the
tumbling rate of the target. This model was also translated to the case where the target is a space debris by
considering material properties of an aluminium 6061-T6 alloy and adapting at every time-step the size of the
computational domain along with the recession speed of the interface in order to account for the finite thickness
of the debris component. The comparison between the numerical results and the analytical predictions allow us
to draw interesting conclusions regarding the momentum coupling achievable by a given laser deflection system
both for asteroids and space debris in function of the flux, the rotation rate of the target and its material
properties. In the last section of this paper, we show how a reasonably small spacecraft could deflect a 56m
asteroid with a laser system requiring less than 5kW of input power.
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1. INTRODUCTION
Deflection methods can be divided into two main categories: impulsive and slow-push. Impulsive techniques
are generally modelled with an instantaneous change of momentum given by, for example, a nuclear explosion
(nuclear interceptor) or the hypervelocity impact of a spacecraft (kinetic impactor) with the asteroid. Slow-push
methods, on the other hand, allow for a more controllable deflection manoeuvre by exerting a small continuous
and controllable force on the asteroid over an extended period of time. Also, downscaling the concepts for slow-
push deflection methods would in principle allow to consider also their use to the case the target is a man-made
space debris rather than an asteroid, something not feasible with impulsive techniques.
Over the past years many slow-push concepts have been proposed and studied at various degrees of accuracy.
Many of them are based on the use of electric propulsion and therefore require a dedicated propulsion system and
propellant to generate the necessary deflection. In contrast, slow-push ablation-based methods (such as direct
solar or laser ablation) aim at exploiting the material the asteroid is made of, to generate the required thrust.
In the work of Kahle1 and Vasile,2 however, it was shown that the contamination of the solar collectors, severely
limits the effectiveness of direct solar ablation. On the other hand, as demonstrated by Vasile,3 if the deflection is
achievable in a given limit time, laser ablation techniques require a lower mass into space than electric propulsion
methods. The use of lasers, compared to directly focusing the light of the Sun, implies higher conversion losses
but has the distinctive advantage to provide high light intensity at lower power and longer distance from the
target.
Several mission concepts using in-space laser ablation have been investigated in the past using a single laser
powered by nuclear reactors4 or swarms of lasers powered by the Sun.5 A swarm of spacecraft flying in formation
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in the proximity of the target asteroid allows combining multiple beams to produce a high thrust level while
keeping the power and thermal systems to a manageable size and complexity on each individual spacecraft.
In addition, the swarm offers a more reliable system6 in the case of failure of a single spacecraft and a more
controllable thrust vector as ablating different parts of the asteroid surface will reduce the uncertainty on the
direction of the resultant thrust vector.
Recently a study supported by the European Space Agency, demonstrated the feasibility of laser ablation at
changing the orbital velocity of a 130 tons S-type asteroid by 1 m/s in less than 1 year. The concept, called
Light Touch,7 was considering the use of a commercial fibre laser, installed on a 453kgs spacecraft, and requiring
between 460W and 860W of input power.
In this paper, we study the efficiency of deflection methods using laser ablation both for asteroids and space
debris. The key metric to assess the performance is given by the so-called thrust-coupling coefficient, which is
given by the ratio between the thrust magnitude and the optical power required to generate that thrust. A precise
numerical model was developed for asteroids and translated to the case the material consists in a thin layer of
aluminium alloy rather than forsterite which is a typical compound of an S-type asteroid. The results obtained
allows to draw interesting remarks on the performance achievable by a given laser deflection system both for
asteroids and space debris in function of the flux, the rotation rate of the target and its material properties.
In the last section of this paper, we also study a realistic scenario consisting in the deflection of an actual 56m
asteroid with a compact laser system requiring less than 5kW of nominal input power.
2. MECHANICAL COUPLING DURING THE ABLATION PROCESS
Figure 1: Energy transport during the ablation process
We consider in this work a rocky S-type asteroid essentially made of forsterite and space debris made of
aluminium alloys. Relevant properties for both materials can be reviewed in table 1:
Table 1: Physical properties of asteroids and space debris
Quantity Symbol Forsterite Aluminium 6061-T6 Unit
Density ρ 3280 2700 kg/m3
Thermal Conductivity k 2 167 W·m−1 ·K−1
Heat Capacity (liquid) cl 1464 1177 J·kg−1 ·K−1
Heat Capacity (solid) cs 1264 1063 J·kg−1 ·K−1
Vaporization Enthalpy Ev 14.163 10.525 MJ/kg
Melting Enthalpy Em 0.508 0.397 MJ/kg
reference temperature Tref 3000 2790 K
Saturation pressure (Tref ) pref 4448.9 100000 pa
Melting point Tm 2171 925 K
Gas Constant R∗ 206.7 308 J·kg−1 ·K−1
Heat ratio (gas) γ 1.26 1.67 -
Emissivity ǫ 0.9 0.04 -
Absorptivity a 0.9 0.379 -
Rest temperature T∞ 298 298 K
Initial thickness h0 - 1 mm
The temperature reached at the ablation front is typically much higher than the triple point of Forsterite or
Aluminium and therefore the ablated material undergoes successive phase transformations before reaching the
vapour state. A very thin layer of molten material is therefore formed under the ablation front. A simple energy
balance allows us to express the energy absorbed by thermal conduction through the different interfaces and to
derive the continuity relation along the vaporization and melting fronts:
qliq,1 = aΦ− qrad − ρuvEv (1)
qliq,2 = qsol,1 + ρumEm (2)
The mass flow during the vaporization process is a result of the thermodynamical non-equilibrium at the
Figure 2: The Knudsen Layer
interface. As they vaporize, the molecules acquire a net translational velocity component through collisions at
the molecular level, resulting in their distribution function becoming a shifted Maxwellian distribution. The
finite layer through which this net velocity can be acquired is called the Knudsen layer and can be treated as
a gas-dynamic discontinuity in the equations. The jump conditions have been investigated by Knight8 and are
given in equation 3 :
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In this expression, Me represents the local Mach number on the edge of the Knudsen layer and is dependant on
the pressure environment downstream. In vacuum, Me equates 1 as the flow reaches the sonic limit so that the
gas-dynamic part is uncoupled from the thermal problem. The mass flow can thus directly be computed from
equation 3 once the temperature Ts of the interface is known:
u(Ts) =
ρe(Ts)
ρ
√
γR∗Te(Ts) (4)
The liquid near the interface is on the other hand assumed to be near-equilibrium. A Clausius-Clapeyron relation
together with the law of perfect gas is used to obtain the dependency between ρs and Ts in the gas:
ps = ρsR
∗Ts (5)
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In a steady state regime, the internal energy becomes invariant with respect to time, meaning that the heat
conducted through the ablation front qliq,1 is balanced by the heat required to heat the flow of material crossing
heat from the rest temperature. Therefore, an implicit relation can be found to link the interface temperature
to the laser flux Φ:
aΦ = ǫσ
(
T 4s − T 4∞
)
+ ρu (Ev + Em + cl(Ts − Tm) + cs(Tm − T∞)) (7)
From this temperature, the net force per unit area peff under the spot is computed by summing the rate of
momentum change to the pressure at the edge of the Knudsen layer:
peff = pe + ρec
2
e
= (γ + 1)pe (8)
The thrust coupling Cm is defined as the ratio of the force exerted by the power injected. It can also be computed
as the ratio of the effective pressure by the power flux:
Cm =
peff
I
(9)
As a result, figure 3 shows the thrust coupling coefficient and surface temperature expected in function of the
laser flux. We see that laser ablation is able to produce a thrust around 70µN per optical watt for fluxes
beyond 100MW/m2 in the case of an asteroid. A minimum flux of about 10MW/m2 is required to enable the
vaporization process at a meaningful level. In figure 4, lower threshold fluxes are seen to enable the ablation
mechanism in the case of aluminium, while the plateau value for higher fluxes appear to be lower than in the
case of asteroids.
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Figure 3: Thrust coupling and surface temperature computed for a range of possible laser fluxes and the case of
an asteroid made of forsterite
The temperature profile can also be computed in the regime state by solving the convection-diffusion equation:
u
dT
dz
+ α
d2T
dz2
= 0 (10)
In this equation, α = kρc . The generic solution is on the form T (z) = C1 exp
(− uαz)+ C2, where C1 and C2 are
constant depending on the steady surface temperature Ts and Tm in the liquid phase and Tm and T∞ in the
solid phase.
A length-scale of the thermal problem problem is given by lc =
α
u . A time-scale τc can also be estimated
from the data of the problem9 and is given by
τc =
α
u2
(11)
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Figure 4: Thrust coupling and surface temperature computed for a range of possible laser fluxes and the case of
an aluminium debris
Generally speaking, the front velocity can be roughly estimated from the input power as
u ≈ aΦ
ρEv
(12)
Therefore, the time-scale can be estimated as
τc ≈
(
Γ
aΦ
)2(
Ev
c
)2
(13)
In which Γ =
√
ρck is the thermal inertia of the target and the ratio Evc has the dimensions of a temperature. For
the model developed in this section to be valid, it is clear that the axial length-scale needs to be sufficiently smaller
with respect to the beam diameter, ensuring that the thermal conduction is dominated by the axial gradients.
Similarly, the time available to heat the material needs to be long enough with respect to the time-scale so that
the steady-state assumption is valid.
3. NUMERICAL MODEL
The model developed in the earlier section gives a first idea of the thrust that can be imparted to a given target
in function of the laser power and the onboard optics. In practice, non-ideal effects will also compromise the
efficiency of the thrust imparted. Those are due to 3D effects, unsteadiness induced by the relative motion of
the target or even the limited thickness of the ablated piece of debris.
3.1 3D effects
The 1D approach is justified when the skin depth of the heated layer is small in comparison to the size of the
laser beam. Indeed, in this case, the thermal gradients in the axial direction will dominate the diffusive heat
transfer processes. However, deviations with respect to the ideal model will also happen due to the Gaussian
intensity profile because part of the energy reaches the target too far from the centercore and, therefore, can not
contribute to the ablation process.
The FEM model depicted in figure 5 was implemented in Matlab c© taking advantage of the PDE toolbox to
solve the heat equation (14) in cylindrical coordinates and taking a static reference frame with respect to the
target in this case.
∇ · (k∇T ) + s = 0 (14)
Figure 5: 3D Axis-Symmetrical Model showing mesh and BCs
In this equation, s represents a volumic source term which is equal to zero if we assume that the asteroid material
is opaque and the power from the laser beam is absorbed at the surface of the ablation spot. The mesh criterion
and geometry size is automatically adapted in function of the user-defined output power and diameter of the laser
beam. These were initially adjusted by following a thorough sensitivity study to ensure they do not compromise
the quality of the results. The boundary conditions are imposed as follow:
• Along the symmetry axis and far region:
qc = 0 (15)
• On the top surface:
qc = aΦ− ǫσ
(
T 4s − T 4∞
)− ρuHl (16)
In equation (16), Hl represents an augmented enthalpy which accounts for the total energy required to heat the
flow of material leaving the asteroid.
Hl = Ev + Em + cs(Tm − T0) + cl(Ts − Tm) (17)
The main transverse mode of the laser beam (TEM00) is accounted by the model by inputting a Gaussian
intensity distribution:
Φ =
8P
πφ2
exp
(−8r2
φ2
)
(18)
In this expression, φ represented the diameter of the laser beam defined classically as four times the standard
deviation of the TEM00 mode. Far from the center of the laser beam, this intensity vanishes together with the
vaporization process so that equation (16) naturally tends to the simple radiative boundary conditions:
qc = −ǫσ
(
T 4s − T 4∞
)
(19)
By comparison to the analytical model, the radiations on the sides of the laser spot will now represent an
additional energy drain. A non-linear solver is used to find the temperature distribution that is consistent with
the heat-equation and the non-linear boundary conditions.
The FEM model provides the temperature profile on the surface and inside the control volume. From the
surface temperature one can obtain the net thrust by calculating the following integral over the spot area:
F =
∫
spot
pe + ρev
2
edS
=
∫
spot
(1 + γ)pedS (20)
The thrust coupling coefficient is now computed by dividing F by the optical power of the laser P :
Cm =
F
P
(21)
The thrust coupling coefficient was computed for the case of an asteroid and three different power outputs, 0.1
kW, 1 kW and 10 kW, and a spot diameter ranging from 1 to 32mm. Figure 6 shows that, for a given amount
of power, reducing the spot size increases the momentum transferred to the asteroid, as also predicted by the
1D model.
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Figure 6: Thrust coupling coefficient as a function of the laser flux for the case of an asteroid
Note that, for a given flux, the Cm for the 10kW laser case is the closest to the one predicted by the 1D model.
An explanation can be found in the result represented in figure 7. The figure shows the relative efficiency η of
the 3D model as a function of the φ/lc ratio. The relative efficiency is defined as the ratio between the thrust
coupling predicted by the 3D numerical model and the one predicted by the 1D analytical model. Figure 7
shows that when φ > 3lc, the relative efficiency is higher than 70%. As φ/lc increases the efficiency tends to
an asymptotic value of approximately 87%. The residual 13% difference between the 3D and 1D predictions
is explained by the TEM00 mode of the laser beam. In fact, when a uniform distribution is used instead, the
relative efficiency tends to 100% as the ratio φ/lc becomes large. This can be observed in figure 6 where the
asterisk represents the FEM solution for 10kW of optical power and uniform beam distribution. As illustrated
in figure 7, the following non-linear fit can be used to represent the relative efficiency with good accuracy:
η =
1.4136
1.625 + lcφ
(22)
3.2 Impact of the Tumbling Motion
If the target moves under the spot light, the time available to reach the steady-state regime is reduced. In this
section this reduction is quantified and a correction to the steady-state model is derived. If vrot is the velocity
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Figure 7: Relative efficiency as a function of φlc
of the surface under the laser spot, the mean time of exposure tf is computed as a function of the spot diameter
φ as:
tf =
π
4
φ
v⊥rot
(23)
where ⊥ represents the perpendicular component between the incident laser beam and the local surface velocity
vectorvrot.
The steady-state assumption only holds as long as this exposure time tf remains substantially higher than
the thermal time-scale τc.
For a more accurate prediction, the 1D transient form of the heat equation needs to be solved. An enthalpy
formulation is selected, allowing to handle with the different phase transitions in a more convenient way:
dH
dt
= −dq
dz
+ u
dH
dz
(24)
The heat flux q is expressed through the common Fourier law q = −k dTdz . Eq.(24) can be solved numerically by
taking N control volumes along the depth direction z and applying the conservation of the enthalpy to each of
them as follows:
dHi
dt
= −qi+1/2 − qi−1/2
∆z
+ u(T1)
Hi+1 −Hi
∆z
(25)
The fluxes are then computed from:
qi+1/2 = −k
Ti+1 − Ti
∆z
(26)
qi−1/2 = −k
Ti − Ti−1
∆z
(27)
The temperature is recovered at each time step from the enthalpy which is for convenience defined equal to 0 at
the melting temperature:
Ti =Tm +
Hi
ρcs
if Hi ≤ 0 (28)
Tm if 0 < Hi < ρEm (29)
Tm +
Hi − ρEm
ρcl
if Hi ≥ ρEm (30)
The boundary conditions are then introduced through:
q1−1/2 = aΦ− qrad(T1)− ρu(T1)Ev (31)
qN+1/2 = −k
T∞ − TN
∆z
(32)
Equation (25) is integrated in Matlab c© using ode23t which is suitable for moderately stiff problems. The time-
dependent thrust coupling coefficient Cm(t) is recovered from the surface temperature at each time-step and an
effective thrust coupling coefficient C¯m is obtained by averaging its value Cm(t) over the total time of exposure
tf and multiplying by the geometrical efficiency η (conservatively assumed to 70%):
C¯m =
η
tf
∫ tf
0
Cm(t)dt (33)
Figure 8 shows the thrust coupling coefficient as a function of the mean heating time and laser flux. For
small heating times, the ablation threshold is shifted towards higher fluxes. One can see that the asymptotical
slope of the isocurves is -2 in logarithmic scales, which is consistent with the dimensional analysis performed in
the last section where the time-scale τc was inferred to vary according to Φ
−2.
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Figure 8: Thrust coupling coefficient as a function of the mean heating time tf and the optical flux
3.3 Case of a Space Debris with Thin Outer Shell
A modification needs to be made in order to account for the finite thickness h of the target material. This
thickness will actually depends of the time as the ablation process goes:
dh
dt
= −u (34)
Equation 34 will therefore now be integrated with equation 25. The coupling between both equations is achieved
by adapting the spatial discretization at each time step to the new thickness value:
∆z =
h
N − 1 (35)
The boundary condition on the other side of the aluminium panel needs also to be modified to account for
possible radiation losses:
qN+1/2 = qrad(TN ) (36)
Last but not least, a termination condition is added to stop the time integration in the case H(N) > ρEm, which
means that the whole material has been molten.
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Figure 9: Time evolution of the temperature considering an optical flux of 10GW/m2
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Figure 10: Time evolution of the coupling and surface temperature considering an optical flux of 10GW/m2
Figures 9 and 10 illustrate the evolution of the surface temperature and thrust coupling and the temperature
distribution within the material for a flux on the debris material of 10GW/m2. As one can see on figure 9, in
this case the melting point is reached on the other side of the panel in about 3 milliseconds while the coupling
coefficient if still growing on figure 10. By looking at figure 9, one can also observe the thickness reduction which
decreases from an initial value of 1 millimeter to an eventual thickness of about 700 micrometers when complete
melting is reached.
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Figure 11: Thrust coupling in function of the exposition time tf and the optical flux
Considering an initial panel size of 1mm, figure illustrates the thrust coupling coefficient obtained for different
values of fluxes and exposition times. Contrary to the case of the asteroid material, one can now see that the
region of high efficiency is now constrained between two curves: a lower curve which as before represents the
ablation threshold and a higher curve which approximately represents the time required to melt through the
thickness of aluminium (1mm in this case). The necessity of reaching higher fluxes during very short times
suggests a pulsed laser system would be more suited to the needs of space debris deflection.
4. MISSION DESIGN FOR THE DEFLECTION OF A 50M-CLASS ASTEROID
4.1 Asteroid 2010 KJ37
The asteroid selected for the benchmark is a 56m diameter, 2.40E+08 kgs AMOR asteroid which has several low
probability impacts with the Earth over the next decades. The orbital elements were retrieved from the JPL
Horizons risk list and slightly modified to form a virtual impact with the Earth in 2036:
Table 2: Orbital Elements for asteroid 2010 KJ37
Orbital Elements Symbol Value (Unmodified) Value (VI)
Semi-major axis a 1.102 AU 1.102 AU
eccentricity e 0.058 0.088
inclination i 11.28 deg. 0 deg.
ascending node Ω 236.43 deg. 236.43 deg.
argument of perigee ω 99.278 deg. 99.278 deg.
True anomaly (t0) θ 270.978 deg. 270.978 deg.
The orbit of 2010KJ37 is represented in figure 12a. Using chemical propellant, the best transfer option is around
and would require a ∆v of 6.5km/s as indicated in figure 12b.
Lacking better information, the rotation rate was assumed from the formula
ωmax =
√
4
3
πρG = 197.5deg/h (37)
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Figure 12: Orbit and transfer windows to asteroid 2010 KJ37
This formula gives the spin limit for asteroids larger than 100m and will thus represent an approximation in
our case. In a real deflection scenario, a preliminar observation phase would allow to reduce the uncertainty on
the different properties of the target. A conservative estimate of the local surface velocity is thus obtained by
computing the product between the rotation speed and the asteroid radius, which gives
v⊥rot ≈ 27mm/s (38)
4.2 Laser System Sizing and Requirements
Given the rotation speed and using the model described in equation 33 with the geometrical efficiency fitted
by equation 22, it is possible to draw a map of the thrust coupling efficiency in function of the laser system
characteristics, such as the nominal output power and the focusing ability of the optics (beam diameter on
target). In practice, choosing laser system characteristics lying above the white line in figure 13 will ensure
Figure 13: Thrust coupling coefficient in function of the laser system characteristics (power and beam diameter)
with v⊥rot = 27 mm/s
that the deflection system works efficiently. The laser-matter interaction model was incorporated in an orbit
propagator to determine the deflection achieved for a mission starting the deflection action 7 years prior to
impact. The inputs of this model are the nominal input power (theoretical input power at 1AU at the start
of operations), the beam diameter, the distance between the spacecraft and the target as well as the duration
of the deflection action. A typical conversion efficiency of 50% for diode lasers is assumed so that the output
power is half of the input power. The returned value is the miss-distance measured as the projection of the
deflection distance on the target plane. Note that the actual value of output power is modulated during the
integration to account for the growth of a contamination layer on the solar panels and the reduction of solar flux
with the square distance to the sun. The contamination model was taken from the work of Kahle1 and assuming
the solar panels have a view factor lower than 0.1, which is reasonable considering the near-circular orbit of
the asteroid and the fact that the deflection action is imparted tangentially to the trajectory, while the solar
panels need to be facing the sun. Considering different beam diameters, figure 14 shows the resulting deflection
as a function of the nominal output power: From this, it appears that a laser system with 5kW and a beam
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Figure 14: Miss-distance (normalized with respect to the Earth radius) achieved as a function of the available
nominal input power at 1AU
diameter of 5mm is sufficient to achieve a deflection superior to 2.6 Earth radii in the given warning time. The
mass of such a laser is estimated to 60kgs by linear extrapolation of previous results obtained during the sysnova
study which considered the deflection of a small asteroid using a 860W laser.7 The mass of the optics is also
estimated from this study to be about 15kgs. Accounting for a margin of 20%, this gives a payload mass of 90kgs.
4.3 Spacecraft System Description
The baseline system identified must provide 5kW of power to the laser while ensuring the deflection mission
objectives can be met. The transfer phase to the target needs to be considered. On figure 12b, an optimal
transfer was seen to require 6.5km/s using impulsive manoeuvres. Such a high ∆v is however unrealistic with
conventional chemical propellants. A low-thrust transfer must therefore be considered and an approximate ∆v
cost was estimated around 8km/s. Hall-effect plasma thrusters, such as Snecma’s PPS-5000 can be considered
for such a mission as they provide a sufficiently high Isp (2300s), while delivering a higher thrust (240mN) than
equivalent gridded ion thrusters. Another interest of electric propulsion comes from the fact that the high power
generated by the solar panels would otherwise remain unused during the transfer phase, which is the reason
why the ion thruster and the laser system selected have an identical power. The power itself is generated by
high efficiency solar panels, such as the Azurspace triple junction GaAs solar cells ∗ which have a beginning of
life efficiency of 30%. The equivalent fluence of 1MeV particles (computed with ESA’s internet tool Spenvis) is
∗http://www.azurspace.com/images/pdfs/HNR_0003429-01-00.pdf
not expected to exceed 1e15 so that the end of life efficiency value will remain above 26.8%. The total power
production required was estimated around 6.5kW to account for the power conversion efficiencies of the PPU
(delivering high voltage required by the electric thrusters) and the PCDU unit (converting the power from
the solar arrays to the other subsystems) and accounting as well an additional 360W consumed by the other
subsystems and a 10% margin. Assuming a pretty standard cell packing efficiency of 85%, 2 solar array wings of
10m2 each appear sufficient to fulfil the different requirements. The AOCS consists of 4 RSI 45-745/60 reaction
wheels placed in a redundant tetrahedral configuration. To these a combination of 24 1N-hydrazine thrusters
are added to facilitate orbit insertion and proximity manoeuvres required to compensate for the perturbations
coming mainly from the solar radiation pressure on the solar wings. Considering an additional 120kgs of non-
scalable avionics part, iterating on the different subsystems and taking into accounts additional mass for the
structure and the harness (assumed to represent 20% of the dry mass and 5% of the wet mass respectively) as
well as a system margin of 20%, a spacecraft wet mass of 1332 kgs was found. The propellant required was
estimated from the required ∆v for orbital transfer (to which a conservative 30% margin was added) and the
correction manoeuvres expected due to the solar radiation pressure perturbations. It breaks down in 364 kgs of
Xenon propellant and 30 kgs of hydrazine propellant. The different values considered can be reviewed in table 3:
For comparison, Nasa’s Dawn spacecraft, which recently visited the dwarf planet Ceres using 3 NSTAR gridded
Table 3: Spacecraft mass budget
Subsystem Current best estimate(kgs) Design Maturity Margin(kgs) Total CBE + DMM(kgs)
Payload 75 15 90
Avionics 100 20 120
AOCS 70 8 78
Power 78 10 88
Thermal 35 3 38
Propulsion 81 29 111
Harness 43 - 66
Structure 120 - 187
Dry Mass 602 176 778
System Mass Margin 20% 141
Dry Total 934
Propellant 398
Wet Mass 1332
ion-thrusters and achieved a record cumulated ∆v of 14km/s, had a wet mass of 1240 kgs with 425 kgs of Xenon
propellant, a dry spacecraft mass of 815 kgs and a solar array of 36.4m2 able to deliver 10kW at 1AU.
5. CONCLUSION
We studied in this paper, the ability of CW laser systems to deflect asteroids made of forsterite and space debris
made of aluminium alloys. For the case of asteroids, our study shows that high efficiencies are permitted if the
laser system is designed to provide a sufficient flux on the target. A minimum flux of 100W/mm2 is sufficient
to generate enough thrust in the case the target is static and this value increases with
√
v⊥rot
φ in the general case
of a moving target due to the shift observed in the ablation threshold value. For an efficient design, the 3D
conduction effects are seen to play little role and the main losses appear to be linked with the non-ideal energy
density distribution in the laser beam which results in part of the power reaching to far from the centercore of the
beam to contribute to the ablation process. For the case of a space debris, the efficiency region is constrained by
the ablation threshold but also by the finite thickness of material to be ablated. If one considers that complete
melting should be avoided to prevent very thin droplet ejections, our preliminary results could mean that pulsed-
wave laser systems are preferable. Refined studies accounting for different thicknesses and different materials
will however be required to validate this point. Last but not least, the paper demonstrates that a even a small
spacecraft - comparable in size to the one used during the Dawn mission - could be considered for the deflection
of moderate size asteroids. Larger asteroids could also be deflected using a swarm of such small spacecrafts,
allowing for an increased redundancy of the deflection system as a whole.
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